In enterobacteria, AT-rich horizontally acquired genes, including virulence genes, are silenced through the actions of at least three nucleoidassociated proteins (NAPs): H-NS, StpA and Hha. These proteins form gene-silencing nucleoprotein filaments through direct DNA binding by H-NS and StpA homodimers or heterodimers. Both linear and bridged filaments, in which NAPs bind one or two DNA segments, respectively, have been observed.
INTRODUCTION
Horizontal gene transfer contributes crucially to bacterial genetic diversity by allowing the transfer of genetic material from one organism to another (1) . To suppress uncontrolled expression of these new genes, which can compromise cell viability, enterobacteria express H-NS-family nucleoid-associated proteins (NAPs) that bind and silence horizontally acquired DNA based on its higher AT-content through formation of nucleoprotein filaments (2-5 and reviewed in Ref. 6 ). In some cases, specific regulatory mechanisms that overcome silencing evolved subsequently to leverage the new genetic potential (7).
In Escherichia coli, H-NS (histone-like nucleoid structuring) is a 15.5 kDa protein. H-NS forms dimers at low concentrations, which assemble into larger multimers at higher concentrations (8, 9) . Some ␣-, some ␤-and most ␥ -proteobacteria retain at least one copy of H-NS; pathogenic species often encode one or more additional H-NS paralogs (10) (11) (12) . The best studied among the H-NS paralogs is StpA (suppressor of td phenotype A; Ref. 13 ). E. coli StpA is 15.3 kDa in size. StpA is believed to exist predominantly as a heterodimer in association with H-NS in vivo (14) , because it is degraded by the Lon protease if not bound to H-NS (15) . H-NS is also bound and modulated by proteins from the YmoA family of proteins (16) . Similar to the H-NS paralogs, these proteins are found in commensal Gram-negative strains but are more abundant in pathogenic strains (11) . Hha (high hemolysin activity) is a YmoA family protein expressed in E. coli that can modulate H-NS filament activities. Hha is 8 kDa in size and can associate with both H-NS and StpA (17, 18) . E. coli K-12 also encodes a paralog of Hha, YdgT (19) . Although it lacks a separate DNA-binding domain (DBD) present in H-NS and StpA, Hha regulates many genes in association with H-NS (Figure 1A and B; Refs. 17, 20, 21) , and may affect others independently of H-NS (22) .
H-NS, aided by its paralogs and modulators (4, 23) , forms nucleoprotein filaments ( Figure 1C ) that silence genes in E. coli by affecting all stages of transcription: initiation, elongation and termination. H-NS and StpA filaments inhibit initiation by blocking binding of RNA polymerase (RNAP) to promoters (24) (25) (26) (27) (28) and by blocking promoter escape (29) (30) (31) . Bridged H-NS filaments also can prevent RNAP elongation into silenced genes by stimulating pausing and subsequent Rho-dependent termination at a subset of sites prone to RNAP backtracking, but not at non-backtracked sites called elemental pause sites (5, (32) (33) (34) . The NusG paralog RfaH, which inhibits pausing, and the transcript cleavage factor GreB, which rescues backtracked RNAP, counteract H-NS-mediated silencing and H-NS-stimulated pausing (32, 35, 36) . Temperature, osmolarity and pH also affect H-NS (37-39) and modulate the ability of H-NS to inhibit transcription (32) by mechanisms that remain poorly understood.
H-NS-mediated gene silencing has been investigated at many E. coli operons, notably the bglGFB and hlyCABD operons. The cryptic bgl operon, which encodes proteins responsible for ␤-glucoside utilization, is silenced in E. coli K-12 by H-NS and StpA filaments that nucleate at upstream and downstream regulatory elements (URE and DRE) and block promoter function (40) (41) (42) . Additionally, the H-NS filament can prevent elongation and enhance termination of RNAPs initiated at a bgl antisense promoter just downstream from the DRE (5, 32) . The bgl operon is thus a model system to elucidate how H-NS-modulated filaments affect elongating RNAP. The hlyCABD operon, present in pathogenic E. coli, encodes production of hemolysin, which lyses red blood cells. Expression of hlyCABD is repressed by a nucleoprotein filament containing Hha and H-NS, which prevents full-length transcript formation (20, 37) . Binding of RfaH to transcription complexes and environmental factors, like temperature, allow for expression of the operon despite filament formation (35, 43, 44) . The interplay of H-NS, H-NS modulators and environmental and elongation factors make the hly operon another model system for study of the effects of H-NS filaments on transcription elongation.
E. coli grown in rich medium (Luria broth) at 37
• C contains ∼47 000 copies of H-NS/cell, ∼5 200 copies of StpA/cell, ∼240 copies of Hha/cell and ∼200 copies of YdgT/cell during exponential phase (45) (46) (47) , but these numbers change with growth condition (48) (49) (50) . ChIP experiments show that H-NS and StpA can bind the same DNA loci covering ∼17% of the E. coli genome in discrete DNA segments (51) (52) (53) (54) with segment lengths that average ∼2 kb and range from 0.5-50 kb (51, 52) . Given the cellular concentration of StpA, these nucleoprotein filaments must contain more H-NS:H-NS dimers than StpA:H-NS heterodimers on average. However, the distribution of StpA within filaments is poorly defined and could be driven by DNA sequence specificity (55) . Hha is associated with H-NS filaments in vivo (17, 18, 21) , but the distribution of Hha Nucleic Acids Research, 2018, Vol. 46, No. 11 5527 and YdgT among H-NS filaments is uncertain. The genomic distribution of H-NS is similar in exponential and stationary phase (52) , but it is unclear whether the distribution of StpA, Hha or YdgT among filaments changes with growth phase or environment.
Some properties of H-NS-family filaments have been characterized in vitro. H-NS contains an N-terminal oligomerization domain (NTD) and a C-terminal DBD connected by a flexible linker ( Figure 1C) ; both domains and the linker are required for nucleoprotein filament formation ( Figure 1C ; Refs. [56] [57] [58] . At high (>5 mM) Mg 2+ (39, 59) or at low (≤66 DBD/kb) monomer-to-DNA ratio (32) , H-NS filaments can preferentially form bridged filaments in which the alternating DBDs contact different double-stranded DNA segments ( Figure 1C ). These bridging interactions bring DNA duplexes together into a proposed superhelical filament in which the H-NS filament bridges the two DNAs (57) . Linear filaments are observed in conditions that do not favor DNA bridging, such as at low (<5 mM) Mg 2+ (59) or high monomer-to-DNA ratio (≥200 DBD/kb; Refs. 32, 60) . In the formation of linear filaments, H-NS binds to DNA and oligomerizes contiguously along one segment of a single DNA duplex to form a linear filament (sometimes called a 'stiffened' filament, Refs. 59,60). Not surprisingly given its sequence similarity, StpA behaves in a similar manner to H-NS ( Figure 1A and C). StpA filaments adopt either a bridged conformation in the absence of Mg 2+ , or, in 10 mM Mg 2+ , a different structure in which multiple DNA segments appear to be compacted (26, 61) . Hha, which interacts with the NTD of H-NS or StpA (Figure 1B and C; Refs. 17,18), increases DNA binding affinity of H-NS, and promotes DNA bridging, including multi-segment bridging, even in the absence of Mg 2+ (17, 39, 62) . Despite strong evidence of interactions among H-NS-family proteins, little is known about the properties and roles of the mixed filaments (53, 54, 63) .
To gain insight into the effects of H-NS paralogs and modulators on transcribing RNAP, we selected one model paralog, StpA, and one model modulator, Hha. Using a combination of in vitro biochemical and biophysical assays, we characterized H-NS filaments formed with Hha or StpA and compared their effects on elongating RNAP using a previously developed in vitro transcription assay (32) . Our results provide a biochemical framework in which insight is gained into how mixed H-NS filaments affect gene regulation.
MATERIALS AND METHODS

Materials
Reagents were obtained from ThermoFisher (Waltham, MA, USA) or Sigma-Aldrich (St. Louis, MO, USA), unless otherwise specified. Oligonucleotides for DNA construction (Supplementary Table S1 
Plasmid construction
Plasmids used for protein expression and in vitro transcription template preparation are described in Supplementary  Table S2 and were confirmed by DNA sequencing.
To overexpress StpA with a C-terminal His 6 tag, the stpA coding sequence (CDS) was amplified from MG1655 genomic DNA with primers #8595 and #8488 (Supplementary Table S1 ). pET28A and the amplified stpA DNA were digested with BamHI and NcoI and ligated with T4 DNA ligase. The resulting plasmid contained stpA in-frame with a C-terminal TEV protease cleavage site and a His 6 tag (pHisStpA). A non-tagged StpA expression plasmid (pStpA) was constructed using Gibson assembly (64) to combine polymerase chain reaction (PCR) products of the pET21d backbone (amplified from pHisHNS with primers #11781 and #11782) and stpA (amplified from MG1655 genomic DNA with primers #11783 and #11784).
The Hha expression plasmid, pMBPHha, was generated by Gibson assembly. The hha CDS was amplified from MG1655 genomic DNA using primers #9627 and #9628 containing overhangs with overlap to pMAL-c5x (NEB). The pMAL-c5x backbone was amplified using primers #9623 and #9624 with overhangs containing sequence complementary to the hha amplicon. PCR-amplified DNA was then gel extracted and purified using a Qiagen gel extraction kit. Purified fragments were combined by Gibson assembly to generate pMBPHha, in which the MBP gene and the FactorXa cleavage site are expressed as a protein fusion on the N-terminus of Hha.
The pBB10 plasmid, containing the template DNA for transcription of hlyC, was constructed by amplifying the 5 untranslated region, hlyC, and a portion of hlyA from pSF4000 (35, 65) using primers #11052 and #11053. The hlyC PCR product and pMK110 were digested with SpeI. Digests were gel-purified and ligated with T4 DNA ligase. In the resulting pBB10 plasmid, the hlyC gene is downstream of the P R promoter and a C-less cassette ( Figure  8 ).
The pBB20 plasmid, containing 500 bp of the hlyC gene upstream of the P R promoter inserted into the bgl template for in vitro transcription experiments, was generated by Gibson assembly (Figure 7 ). The bgl template plasmid (pMK110) was amplified with primers #11900 and #11901. The hlyC insert was amplified from pSF4000 using primers #11902 and #11903, which contain overhangs complementary to primers #11900 and #11901. PCR products were gel-purified using Qiagen gel purification kit and the subjected to Gibson assembly.
Protein purification
RNAP, 70 , GreB and C-terminally 6× His-tagged H-NS were purified as previously described (32) .
StpA purification. BL21 DE3 cells transformed with pHisStpA were grown in 2 l of LB supplemented with kanamycin (50 g/ml) at 37
• C to an OD 600 of ∼0.4. StpA expression was induced with 0.4 mM isopropyl ␤-D-1-thiogalactopyranoside (IPTG) for 4 h at 25
• C. Cells were centrifuged at 3000 × g for 15 min at 4
• C, and the cell pellet was resuspended in 30 ml lysis buffer (0.2 M NaCl, 5528 Nucleic Acids Research, 2018, Vol. 46, No. 11 20 mM Tris-HCl pH 7.5, 5% glycerol, 2 mM ethylenediaminetetraacetic acid (EDTA), 1 mM ␤-mercaptoethanol (␤-ME), 1 mM dithiothreitol (DTT)) supplemented with phenylmethylsulfonyl fluoride (PMSF) and protease inhibitor cocktail (PIC; 31.2 mg benzamide/ml, 0.5 mg chymostatin/ml, 0.5 mg leupeptin/ml, 0.1 mg pepstatin/ml, 1 mg aprotonin/ml, 1 mg antipain/ml). Cells were lysed with 0.7 g lysozyme followed by sonication. The lysate was cleared by centrifugation at 11 000 × g for 15 min at 4
• C. DNA-associated proteins were precipitated by addition of PEI to 0.6% (weight/volume) with gentle stirring. The precipitate was collected by centrifugation at 11 000 × g for 15 min at 4
• C. The pellet was gently resuspended in PEI wash buffer (10 mM Tris-HCl pH 7.5, 0.1 mM EDTA, 5% glycerol, 0.2 M NaCl, 1 mM DTT) and then centrifuged at 11 000 × g for 15 min at 4
• C. Subsequently, StpA was eluted by gently resuspending the pellet in PEI elution buffer (10 mM Tris-HCl pH 7.5, 0.1 mM EDTA, 5% glycerol, 0.8 M NaCl, 1 mM DTT) and the insoluble material was removed by centrifugation at 11 000 × g for 15 min at 4
• C. StpA was precipitated with gentle stirring overnight after slow addition of finely ground ammonium sulfate to 0.37 g/ml (60% saturation). Precipitated StpA was collected by centrifugation at 27 000 × g for 15 min at 4
• C. The pellet was resuspended in 35 ml nickel-binding buffer (20 mM Tris-HCl pH 7.5, 5 mM imidazole, 5 mM ␤-ME, 1 M NaCl). StpA was loaded at 2.5 ml/min onto a 5 ml HisTrap HP column attached to an AktaPrime (GE Healthcare) and washed with 30 ml of nickel-binding buffer. StpA was eluted over a 0-50% gradient of nickel-elution buffer (nickel-binding buffer containing 1 M imidazole) over 20 min at 2.5 ml/min. StpA eluted at ∼400 mM imidazole. Fractions containing StpA were pooled and dialyzed into nickel-binding buffer. The His 6 tag was cleaved off overnight at 4
• C with the addition of TEV protease (16 g TEV/1 mg StpA). The mixture was re-applied to the nickel column as described above. Untagged StpA was collected from the flow-through and dialyzed into storage buffer (20 mM Tri-HCl pH 7.5, 1 M KCl, 40% glycerol). Purity (∼90%) of the dialyzed protein was confirmed by sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE). StpA was concentrated to 300 M and aliquoted for storage at −80
• C.
Non-tagged StpA purification. StpA was purified as described in (61) . Briefly, hns BL21 DE3 cells transformed with pStpA and pHiC (Supplementary Table S2) were grown in 2 L of LB supplemented with ampicillin (100 g/ml) and gentamycin (10 g/ml) at 37
• C to an OD 600 of ∼0.4. P1 transduction with lysate from JW1225-2 was used to generate a hns BL21 DE3 strain. StpA expression was induced by addition of 500 M IPTG and 250 g carbenicillin/ml for 16 h at 25
• C. Cells were centrifuged at 3000 × g for 20 min at 4
• C, and the cell pellet was resuspended in 30 ml lysis buffer (50 mM Tris-HCl pH 7.5, 2 mM EDTA, 5% glycerol, 0.2 M NaCl, 1 mM ␤-ME, 1 mM DTT) supplemented with PMSF and PIC. Cells were lysed by sonication and the lysate was cleared by centrifugation at 27 000 × g for 20 min at 4
• C. PEI was slowly added to the lysate with gentle stirring to a final concentration of 0.3% to precipitate DNA-associated proteins. Precipitation was continued for 5 min at 4
• C. The precipitate was pelleted by centrifugation at 11 000 × g for 15 min at 4
• C. The pellet was resuspended in 30 ml PEI elution buffer (50 mM TrisHCl pH 7.5, 0.1 mM EDTA, 5% glycerol, 0.5 M NaCl, 1 mM DTT) and centrifuged at 11 000 × g for 15 min at 4
• C. The supernatant containing StpA was removed and StpA was then precipitated with gentle stirring overnight after slow addition of finely ground ammonium sulfate to 40% saturation. Precipitated protein was removed by centrifugation at 27 000 × g for 15 min at 4
• C. The pellet was resuspended in 20 ml of 50 mM Tris-HCl, pH 7.5 and dialyzed against no-salt buffer (50 mM Tris-HCl pH 7.5, 1 mM EDTA, 10% glycerol, 0.5 mM DTT). Precipitated protein was separated by centrifugation at 27 000 × g for 15 min at 4
• C. The StpA-containing pellet was resuspended in 25 mL of heparin binding buffer (50 mM Tris-HCl pH 7.5, 1 mM EDTA, 10% glycerol, 300 mM NaCl) and applied to a 5 ml HiTrap Heparin HP column (GE Life Sciences). StpA was eluted using a 6-column-volume gradient of 0.3-1 M NaCl in heparin binding buffer. StpA eluted at ∼0.8 M NaCl. StpA-containing fractions were pooled and dialyzed against 50 mM Tris-HCl, pH 7.5, 1 mM EDTA, 10% glycerol. Precipitated protein was pelleted at 8 000 × g for 10 min at 4
• C and resuspended in storage buffer (50 mM TrisHCl, pH 7.5, 1 mM EDTA, 10% glycerol, 0.5 mM DTT, 0.3 M NaCl). About 1 mg of StpA was purified to 95% purity as determined by SDS-PAGE and Coomassie staining. This protein was used for the DNA bridging pulldown assay (see below). Table  S2 ) were grown in 2 L of LB in the presence of ampicillin (100 g/ml) and gentamicin (10 g/ml) at 37
Non-tagged H-NS purification. BL21 DE3 cells transformed with pHisHNS and pHiC (Supplementary
• C to an OD 600 of ∼0.6 before inducing H-NS expression with 500 M IPTG for 4 hours at 30
• C in the presence of 0.25 mg carbencillin/ml. Induced cultures were pelleted at 3 000 × g for 15 min at 4
• C. Cell pellets were resuspended in 30 ml lysis buffer (20 mM Tris-HCl pH 7.5, 0.1 M NaCl, 5% glycerol, 2 mM EDTA, 1 mM ␤-ME, 1 mM DTT) supplemented with PMSF and PIC and lysed by sonication. Insoluble material was removed by centrifugation at 11 000 × g for 15 min at 4
• C. H-NS was precipitated by the slow addition of equilibrated PEI to 0.6% w/v. PEI (∼8% w/v) was equilibrated by dialyzing against lysis buffer without ␤-ME and DTT. After centrifugation, the PEI pellet was resuspended in 30 ml of PEI wash buffer (10 mM Tris-HCl pH 7.5, 0.1 mM EDTA, 5% glycerol, 1 mM DTT, 0.15 M NaCl) followed by centrifugation at 11 000 × g for 15 min at 4
• C. H-NS was eluted by resuspending the pellet in 30 mL of PEI elution buffer (10 mM Tris-HCl pH 7.5, 0.1 mM EDTA, 5% glycerol, 1 mM DTT, 0.6 M NaCl). Insoluble material was pelleted at 11 000 × g for 15 min at 4
• C. H-NS was precipitated overnight with gentle stirring by addition of finely ground ammonium sulfate to 0.37 g/ml (60% saturation). Precipitated H-NS was pelleted at 27 000 × g for 15 min at 4
• C. The H-NS pellet was resuspended in 35 ml nickel-binding buffer. H-NS was applied to a 5 mL HisTrap Ni 2+ column (GE Healthcare) and eluted with a gradient elution from 0-50% of nickel-binding buffer containing 1 M imidazole in 50 ml. Fractions containing H-NS were pooled and TEV protease was added to cleave off the 6×-His tag.
Nucleic Acids Research, 2018, Vol. 46, No. 11 5529 Cleaved H-NS was reapplied to the HisTrap Ni 2+ column and the H-NS-containing flow through was collected. Removal of the His-tag was also confirmed by staining with InVision His stain (ThermoFisher). Non-tagged H-NS in nickel-binding buffer was diluted to 100 mM NaCl with addition of heparin-binding buffer (10 mM Tris-HCl pH 7.5, 0.2 M NaCl, 0.1 mM EDTA, 5% glycerol, 1 mM DTT) and applied to a 5 ml HiTrap Hep column (GE Healthcare). H-NS was eluted in heparin-elution buffer (10 mM Tris-HCl pH 7.5, 1 M NaCl, 0.1 mM EDTA, 5% glycerol, 1 mM DTT). Fractions containing H-NS were pooled, concentrated and dialyzed against storage buffer (20 mM TrisHCl pH 7.5, 0.3 M KCl, 10% glycerol) and stored in aliquots at −80
• C. Purity of H-NS (∼95%) was confirmed by SDS-PAGE and Coomassie staining.
Hha purification. BLR DE3 cells containing pMBPHha (Supplementary Table S2 ) were grown at 37
• C in 2 L of LB supplemented with 0.2% glucose and ampicillin (100 g/ml) to an OD 600 of ∼0.5 then were induced with 0.3 mM IPTG for 2 h at 37
• C. Cells were spun at 3 000 × g for 15 min at 4
• C then were resuspended in MBP buffer (20 mM Tris-HCl, pH7.5, 200 mM NaCl, 1 mM EDTA, 1 mM DTT) containing PMSF and PIC. Cells were lysed by sonication and the lysate was cleared by centrifugation at 20 000 × g for 20 min at 4
• C. The lysate was applied to a 5 ml amylose column (GE Healthcare) and then eluted by block elution with MBP buffer containing 10 mM maltose. Fractions containing MBP-Hha were pooled and dialyzed into cleavage buffer (20 mM Tris-HCl, pH 8.0, 100 mM NaCl, 2 mM CaCl 2 ). MBP was removed from Hha by incubation with 1 g Factor Xa (NEB) for every 1.8 mg fusion protein for 8 h at 4
• C. Cleaved Hha was dialyzed into storage buffer (25 mM HEPES-KOH, pH 8.0, 150 mM NaCl, 1 mM DTT, 5% glycerol) and loaded onto a size-exclusion Superdex 75 prep grade 16/60 column (GE Healthcare). Fractions containing Hha were concentrated and stored at −80
• C. SDS-PAGE and Coomassie staining confirmed that ∼2 mg of Hha was purified to ∼95% purity.
DNA template purification for in vitro transcription and AFM
Templates for in vitro transcription were generated as described previously (32) . Briefly, template DNA was amplified with OneTaq DNA polymerase from primers #3071 and #645 on pMK110, pBB10 or pBB20 for the bgl template, hlyC template or upstream template, respectively. The PCR product was gel purified and electroeluted. The template was further purified by phenol extraction and ethanol precipitation before resuspending in 15 mM HEPES-KOH, pH 8.0. Templates for atomic force microscopy (AFM) were made using the same PCR amplification and gel purification protocol, but were then purified further using a Gene Clean Kit (MPBio, Santa Ana, CA, USA). The purity and concentration of the final product was assessed by agarose gel electrophoresis followed by ethidium bromide staining and by absorbance at 260 nm (Nanodrop; ThermoFisher).
In vitro transcription
Transcription assays using the bgl, upstream and hlyC templates were performed as described previously (B. • C for 15 min. In the absence of cytosine triphosphate (CTP), RNAP stops after synthesizing a 26-nt RNA transcript (A26 ECs), where the 3 -end of the RNA is adenosine and the next nucleotide to be added is CMP. The A26 ECs were diluted to 10 nM with various combinations of NAPs (H-NS, StpA, Stpa:H-NS or Hha:H-NS) at different protein/kb ratios (see figure legends), in EMSA buffer containing 40 U RNasin/l (Promega, Madison, WI), 0.1 mg rifampicin/ml, and 0.5 mM DTT and incubated at 20
• C for 20 min to form filaments downstream of the EC. After filaments were formed on A26 ECs, a sample of each reaction was separated by 3% native PAGE (described below) alongside filaments formed on non-EC-containing DNA to confirm filament formation.
Elongation was restarted by addition of all 4 NTPs to 30 M each and subsequent time points were taken by adding 7 l of the elongation mix to 193 l of stop solution (15 mM EDTA, 1.5 l glycogen, 100 l TE-equilibrated phenol, pH 7.9). RNA was phenol extracted and ethanol precipitated. Precipitated RNA was resuspended in formamide stop dye (95% formamide, 20 mM EDTA, 0.05% bromophenol blue, 0.05% xylene cyanol) to 100-200 counts/l. RNA products were separated on 12 and 6% urea-PAGE alongside [␥ -32 P]ATP end-labeled MspI-digested pBR322 and HaeIIIdigested phiX174 markers. Gels were exposed to a PhosphorImager screen, and the screen was scanned using Typhoon PhosphorImager software and quantified in ImageQuant version 5.2 (GE Lifesciences). Gel images were adjusted for brightness and contrast without loss of data.
In some experiments (Figures 4 and 8), elongation was restarted by addition of 1 mM of each NTP (4 mM total). Because excess NTP can chelate free magnesium, 12 mM magnesium aspartate, rather than 8 mM magnesium aspartate, was added to the reaction to keep the free magnesium concentration constant in all experiments. For elongation in the presence of GreB (Figure 4 ), 50 nM GreB (diluted in 3× EMSA buffer) was added to the elongation mixes during filament formation. Transcription on the hlyC template ( Figure 8 ) was carried out at both 20 and 37
• C using a fraction of the same elongation mixture containing either H-NS, StpA, StpA:H-NS or Hha:H-NS and in the presence of 1 mM NTPs.
Imaging and analysis of paused RNA transcripts
RNA products were imaged and quantified as described above. Lines (6-pixel wide) were drawn for each gel lane (aligned to the center for the entire length in which signal was present) and converted to average signal intensity at each position along the axis of electrophoresis. The signal intensities were normalized so the total signal in each lane was the same. Using end-labeled markers (MspI-digested pBR322 and HaeIII-digested X174 DNA; NEB) run alongside, each position along the electrophoretic axis was converted to a nucleotide length using a multi-factor polynomial function fit to fragment length versus pixel along the electrophoretic axis (KaleidaGraph; Synergy Software). RNA on a 6% gel fit to a 6-factor function whereas on a 12% gel, a combination of 6-and 4-factor polynomial functions were used for the long and short products, respectively. Signal from each sample was then plotted as a function of approximate RNA length to create pseudodensitometry profiles (RNA lengths are based on singlestranded DNA electrophoretic mobility and thus are not exact). The mean transcript length (MTL) was calculated as the sum of the products of the signal and RNA length for each position along the line divided by the total RNA signal, ( (signal*RNA length) n )/ (signal) n .
To generate a graphic indication of the distribution RNA lengths in a given sample, transcript lengths that constituted 30% of the total transcripts surrounding the MTL (15% in the longer direction and 15% in the shorter direction) were calculated and plotted as gradients centered on the MTL. Comparing these MTLs and distributions gives a useful visual representation of how each filament impacts overall elongation averaged over all pause sites.
The percent of the G35 pause was calculated using ImageQuant lines (6-pixel wide) to determine the total signal from the entire sample and the signal between the A26 and G35 RNA products. The area under the curve for RNAs between A26 and G35 was calculated using the multipeak fitting package in IgorPro (Wave Metrics). The percent of the G35 pause was calculated as the G35 signal divided by the total signal. Pause strength was determined for select pauses as described in (66) .
Electrophoretic mobility shift assay (EMSA)
EMSAs were performed as previously described (32) with minor modifications. DNA (100 nM) was end-labeled with [␥ -
32 P]ATP with T4 polynucleotide kinase (PNK) at 37
• C for 30 min. PNK was inactivated by incubation at 65
• C for 15 min before using the labeled DNA. [␥ -
32 P]ATPlabeled DNA template (10 nM) was incubated with StpA, H-NS, StpA:H-NS or Hha:H-NS at different concentrations in EMSA buffer at 20
• C for 20 min to form filaments. Working protein stocks were always diluted in 3× EMSA buffer. Samples were then loaded on a 3% native polyacrylamide gel (29:1 acrylamide:bisacrylamide) in 0.5× tris-borate EDTA (TBE) and electrophoresed at 250V for 5 h at 4
• C. The gels were dried and imaged using a Typhoon Phosphorimager.
Atomic force microscopy (AFM)
AFM samples were prepared as described with some modifications (32, 67) . Aminopropyl silatrane (APS) was synthesized and stored as described (67) . Briefly, freshly cleaved mica was incubated with 100 or 170 M APS for 30 min at room temperature, washed with Milli-Q purified (MQ) H 2 O, dried with Argon (Ar) and cured overnight in Ar under reduced pressure. Filaments to be imaged by AFM were prepared by incubating proteins and bgl DNA (purified as described above) in AFM buffer (40 mM HEPES-KOH pH 8.0, 100 mM potassium glutamate, 8 mM magnesium aspartate) at 20
• C for 20 min. A sample of filaments was separated on a native gel as a control (data not shown) before filaments were applied to the mica surface. Filaments were absorbed onto the APS-mica surface either undiluted or at a 1:10 dilution at 4
• C or at room temperature for <15 seconds before washing with 600 l ice-cold MQ H 2 O and drying with Ar. Samples were cured for at least 20 min before scanning. Filaments were visualized on a NanoScope V controller with TESPA-V2 tips (Bruker). Images were analyzed for changes in topology and height with Gwyiddion software (available at http://gwyddion.net; Ref. 68 ). Filaments were categorized as linear, bridged or multi-bridged based on the number of DNA ends visible in each filament image.
DNA bridging pulldown assay
These experiments were performed as previously described (R. A. van der Valk, et al., submitted for publication in Methods in Molecular Biology and Ref. 39 ) with some minor modifications. Streptavidin-coated paramagnetic Dynabeads M280 (Invitrogen) were washed once with 100 l of 1× phosphate-buffered saline and twice with Coupling Buffer (CB: 20 mM Tris-HCl pH 8.0, 2 mM EDTA, 2 M NaCl, 2 mg acetylated BSA/ml, 0.04% Tween20) according to manufacturer instructions. After washing, the beads were resuspended in 200 l CB containing 100 nM biotinylated DNA (bait). The DNA used was a 685 bp, random AT-rich (32% GC) sequence prepared as described in (39) . Note the sequence used for this assay is not the same as that used for in vitro transcription or AFM experiments. Next, the bead suspensions were incubated for 30 minutes on a rotary shaker (1 000 rpm) at 25
• C. After incubation, the beads were washed twice with Incubation Buffer (IB: 40 mM HEPES-KOH pH 8.0, 5% glycerol, 0.022% NP-40, 0.1 mg acetylated BSA/ml; IB may be supplied with various concentrations of magnesium aspartate or potassium glutamate depending on the experiment; see Figure 6 ) before resuspension in IB and addition of ∼8 000 cpm of radioactively end-labeled 32 P 685 bp DNA (2 l of DNA; prey). Radioactive DNA was supplemented with unlabeled 685 bp DNA to maintain a constant (20 nM) DNA concentration. The DNA bridging proteins H-NS, StpA or an equimolar mixture of H-NS and StpA (concentrations indicated in the text and Figure 6 ) were added and the mixture was incubated for 20 min on a shaker (1 000 rpm) at 25
• C. To remove unbridged prey DNA, the beads were washed with IB before resuspension in 12 l stop buffer (10 mM Tris pH 8.0, 1 mM EDTA, 200 mM NaCl, 0.2% SDS). All samples were quantified by liquid scintillation counting over 5 min. All values recovered from the DNA bridging assay were corrected for background signal (using the signal generated from a sample lacking protein). DNA recovery (% of input) was calculated as a fraction of the signal recovered in each condition over the signal from a reference sample containing 2 l of prey DNA. All experiments contained a total of 75 mM of monovalent ions from the protein storage buffers (15 mM KCl from H-NS and 60 mM NaCl from StpA); the presence of additional monovalent ions is explicitly stated in the experiment.
RESULTS
Hha and StpA modified the ability of linear H-NS filaments to stimulate robust RNAP pausing
Bridged H-NS filaments at 66 DBD/kb stimulate transcriptional pausing, but linear H-NS filaments at 200 DBD/kb have little effect on elongating RNAP (32) . Thus, we first investigated whether Hha or StpA could alter the effect of H-NS on transcription at 200 DBD/kb filaments. To mimic transcription from the bgl antisense promoter into bgl H-NS filaments (5), we used a DNA template that contains bgl DNA positioned downstream from a P R promoter and Cless cassette so that transcription occurred into the DRE (Figure 2A and Supplementary Table S2 ). Transcription was initiated from P R without CTP, resulting in a halted EC containing a radiolabeled 26-mer nascent RNA (A26 EC). The A26 ECs were then incubated with H-NS, StpA, Hha or mixtures of these proteins. This method of generating halted A26 ECs before filament formation decoupled initiation and EC formation from transcript elongation through the filaments and avoided H-NS inhibition of initiation. We used the A26 ECs to form filaments ( Figure  2A During elongation on naked DNA, RNAP pauses at specific sequences on the bgl template (32), delaying elongation to the end of the DNA template. The decrease in MTL in the presence of bridged H-NS filaments is due to either the appearance of new pause sites or the enhancement of pauses that are present during elongation on naked DNA. To compare pauses stimulated by mixed filaments to H-NS-only filaments, we converted the gel lanes (Figure 2B  and C; Supplementary Figures S2, 3 , 5, 7 and 9) to pseudodensitometry profiles ( Figure 2E-G) . In these profiles, the bridged H-NS filaments stimulated pausing at sites previously defined as H-NS sensitive and backtrack-prone (e.g. C346, Figure 2F ; Ref. 32). The linear H-NS filaments did not stimulate pausing (e.g. note the level of C346 RNA in Figure 2F ; Ref. 32). The Hha:H-NS filaments robustly stimulated a pause site nine nucleotides downstream of the A26 halt site (G35) along with other pauses between G35 and ∼64 nt. The G35 pause and other pauses were not stimulated by bridged H-NS-only filaments ( Figure 2E ; Supplementary Figures S2 and 4) . Stimulation of pausing at these short transcript lengths (<100 nt) by Hha:H-NS filaments explained the dramatic shortening of RNA products to an average length of <100 nt ( Figure 2D) . Pause stimulation by StpA:H-NS filaments showed similarities to that induced by bridged H-NS filaments. The StpA:H-NS filaments stimulated the H-NS sensitive pauses at C346 and U588, consistent with the similar MTLs caused by StpA:H-NS and bridged H-NS filaments ( Figure 2F , yellow line). Despite the same total DBD/kb of the StpA:H-NS filaments as the linear H-NS filaments (200 DBD/kb), the StpA:H-NS filaments strongly affected elongation to a level comparable to the bridged H-NS filaments and in contrast to the lack of effect of linear H-NS filaments. To rule out the possibility that the 200 DBD/kb StpA:H-NS filaments stimulated pausing due to formation of a 100 DBD/kb H-NS-only filament, we also formed StpA:H-NS filaments at 400 DBD/kb ( Figure 2F , orange line). At 400 DBD/kb, an H-NS-only filament, if formed, would be 200 DBD/kb and linear, conditions in which H-NS has little effect on pausing (Supplementary Figure S8) . However, we observed constitutive pause enhancement in these conditions (e.g. compare levels of C346 pause in Figure 2F ), likely reflecting bridging mediated by StpA:H-NS filaments. In contrast, StpA filaments formed at 200 StpA/kb (the StpA level present in the 400 DBD/kb StpA:H-NS filaments) stimulated pausing at locations much earlier on the bgl template than were observed by StpA:H-NS filaments (e.g. G35 and other locations marked with asterisks; Figure 2G) . The locations of the pauses stimulated by StpA filaments (the majority of which had lengths of <500 nt) agreed with the shorter MTL observed for StpA filaments compared to StpA:H-NS filaments. This result revealed a 5532 Nucleic Acids Research, 2018, Vol. 46, No. 11 Step 1) A26 ECs (10 nM) were formed by initiating RNAP- 70 holoenzyme in the absence of CTP from the P R promoter on the 1.5 kb bgl template (top schematic and DNA; black or gray lines). To mimic the position of an antisense promoter and an H-NS filament in bgl operon, bglG is oppositely oriented to P R . The H-NS filament forms from two high-affinity H-NS binding sites (light gray; downstream regulatory element, DRE and upstream regulatory element, URE). Additionally, the canonical bgl promoter is found in this template (gray antisense arrow with x), but due to NTP withholding during initiation, formation of a filament across the promoter and the presence of a downstream intrinsic terminator (101), the promoter is likely inactive in our assay. ( Step 2) Nucleoprotein filaments were formed on the EC-bound DNA using H-NS (red, bridged conformation; purple, linear conformation), Hha (blue) or StpA (yellow) alone or in the combinations shown. (Step 3) NTPs (30 M) were added to enable RNAP elongation through the nucleoprotein dramatic pause stimulation activity for StpA-only filaments that differed from the effect of StpA:H-NS filaments.
The results described above establish that linear H-NS filaments can become pause-stimulating filaments when either Hha or StpA are present during filament formation. The simplest hypothesis to explain these results is that Hha:H-NS and StpA:H-NS filaments are bridged, since bridged H-NS filaments are known to stimulate pausing. Because the H-NS/DNA ratio affects the ability of H-NS to stimulate pausing, we next tested the effect of varying the protein/DNA ratios for mixed filaments. Although StpA and H-NS are known to form 1:1 heterodimers in vitro (69) , the stoichiometry of Hha to H-NS interaction is uncertain (17, 21) . Thus, we next tested the effects of different Hha:H-NS ratios.
At least 1:1 Hha:H-NS was required to slow RNAP elongation significantly
Hha is proposed to bind H-NS at either low (1 Hha per H-NS dimer, 0.5 Hha:H-NS) or equimolar (2 Hha per H-NS dimer, 1 Hha:H-NS) ratios in solution (17, 21) . We found that equimolar Hha, added to either bridged or linear H-NS filaments, caused robust stimulation of pausing (e.g. G35), whereas a lower ratio only slightly stimulated pausing (Figures 2E and 3A; Supplementary Figures S4-6 ). Based on the MTL, equimolar Hha:H-NS ratio at 200 H-NS/kb caused an overall reduction in the rate of elongation by a factor of ∼10 ( Figure 3A) . It also increased early pausing by RNAP so that ∼16% of ECs were at G35 and ∼40% of ECs were at positions between A26 and G35 (e.g. U30, C31, G34; Supplementary Figure S4B and C). When Hha was present at 0.5 Hha:H-NS on linear H-NS filaments, the MTL was reduced by a factor of ∼1.5 and the amount of G35 was not increased above levels seen with H-NS filaments ( Figure 3A and Supplementary Figure S4) . When 66 H-NS/kb was combined with equimolar amounts of Hha, ∼10% of ECs remain paused at G35 ( Supplementary Figure S4 ) and overall elongation was reduced by a factor of ∼2.5 ( Figure 3A and Supplementary Figure S5) . These results suggest that, when equimolar with H-NS but not at lower ratios, Hha modifies both bridged and linear H-NS filaments in a way that stimulates robust pausing by RNAP.
StpA:H-NS filaments enhanced pausing at multiple protein/DNA ratios
Since the effects of H-NS filaments are dependent on the H-NS/DNA ratio, we next investigated whether the effects of StpA:H-NS filaments also were dependent on protein/DNA ratio. Equimolar StpA:H-NS filaments at 66, 200 and 400 DBD/kb enhanced late RNAP pausing at C346 and U588 compared to elongation on bare DNA (Figure 2F; Supplementary Figures S7 and 8) . All StpA:H-NS filaments also reduced MTLs, which were more similar to those of bridged H-NS filaments than linear H-NS filaments (compare maroon, yellow and orange to red in Figure  3B , and purple in Figure 3A ; Supplementary Figures S7 and  8 ). Additionally, StpA:H-NS filaments only slightly stimulated the G35 pause (∼4% of ECs pause; Supplementary Figure S8 ), which was affected by StpA and Hha:H-NS filaments, but not stimulated by H-NS filaments. These results revealed that StpA:H-NS filaments stimulated pausing over a range of DBD/DNA ratios in contrast to H-NS filaments, which do not stimulate pausing at high H-NS/DNA ratios (≥200 H-NS/kb; Figures 2F and 3B) . The difference between StpA:H-NS filaments and H-NS filaments might result from specific DNA-binding or filament-forming properties of the StpA:H-NS heterodimer or of StpA homodimers, depending on which predominate in the mixed filaments.
StpA filaments increased RNAP pausing compared to StpA:H-NS filaments
To investigate the effects of StpA-only filaments further, we characterized the protein/DNA ratio-dependence of StpA filaments on RNAP progression. We formed StpA filaments on A26 ECs at concentrations ranging from 33 to 800 StpA/kb (Figures 2G and 3C; Supplementary Figure S9 ). As with StpA:H-NS filaments, slower overall elongation caused by pause stimulation occurred at all StpA/DNA ratios. Further, StpA filaments enhanced the G35 pause (∼10% of ECs pause; Supplementary Figure S4D ) to a level comparable to the effect of Hha on the G35 pause ( Figure  2E and Supplementary Figure S4) , and reduced the MTL by a factor of ∼7 after 8 min ( Figure 3C ; compare 400-800 StpA/kb to RNAP alone). Although StpA and H-NS are paralogs, the effect of StpA filaments on elongating RNAP is more similar to that of Hha:H-NS filaments than that of H-NS filaments. Because StpA filaments strongly stimulate pauses at shorter transcript lengths (<100 nt) whereas the StpA:H-NS filaments mainly stimulate pauses in transcripts after synthesis of ∼300 nt, the StpA:H-NS filaments are likely composed of StpA:H-NS heterodimers (69) . In other words, the StpA filaments are qualitatively different from H-NS or StpA:H-NS filaments, suggesting that patches of StpA-only filaments did not form when DNA was incubated with StpA:H-NS at a 1:1 ratio.
GreB effects suggest mixed filaments stimulate backtrack pausing by RNAP
We next sought to probe the nature of the pauses stimulated by mixed filaments. Bridged H-NS filaments preferentially stimulate backtracked pauses more than other classes of pauses (e.g. non-backtracked, elemental pauses; Refs. 32,70). Backtracking occurs when DNA and RNA reverse thread through RNAP, removing the 3 end of the RNA from the active site and increasing the lifetime of pauses ( Figure 4A ; Refs. 32,71). Backtracked pauses stimulated by bridged H-NS filaments are suppressed by the addition of GreB (32), which promotes active-site cleavage of the displaced 3 RNA (72), thereby allowing re-extension of the RNA from a non-backtracked register ( Figure 4A ). Given the similarities between effects of bridged H-NS filaments and Hha:H-NS and StpA:H-NS filaments, we hypothesized that mixed filaments might also enhance backtracked pauses but not elemental pauses.
To test this hypothesis, we assayed in vitro transcript elongation through mixed filaments in the presence of GreB (50 nM) at physiological NTP concentrations (1 mM each; enabling more rapid elongation). In the absence of GreB, pausing was still observed on the mixed filaments as found previously for H-NS filaments ( Figure 4B and C, filled lines; Supplementary Figures S10 and 11 ; Ref. 32). Addition of GreB suppressed the G35, C346 and U588 pauses that were stimulated by StpA:H-NS and Hha:H-NS filaments. C346 and U588 are known pause sites susceptible to backtracking and pause stimulation by H-NS filaments (Figure 4B and C; Supplementary Figures S10 and 11) . The effect of GreB on the G35 pause indicates that it is likely a backtrack pause ( Figure 4C ). Because mixed Hha:H-NS and StpA:H-NS filaments preferentially stimulate backtracked pauses similarly to the bridged H-NS filaments (32), the Hha:H-NS and StpA:H-NS filaments likely adopt a bridged conformation.
Hha:H-NS and StpA:H-NS filaments were preferentially bridged, whereas H-NS filaments switched between bridged and linear conformations
To examine potential bridging by Hha:H-NS and StpA:H-NS filaments directly, we next formed and visualized these filaments by EMSA and AFM (26, 32) . The bgl DNA and proteins were incubated together at 20
• C for 20 min before either separating by native PAGE (EMSA) or applying to APS-treated mica for imaging by tapping-mode AFM (see 'Materials and Methods' section). As reported previously (32), H-NS filaments migrate at two distinct rates, with a Figure S12 ). In AFM, bridged and linear H-NS filaments can be distinguished by the number of double-stranded DNAs (dsDNAs) present in the filament. Typically, two dsDNAs are observed in bridged filaments ( Figure 5C , panel iii), but one dsDNA is present in linear filaments (panel vi). Bridged H-NS filaments are unusual in two ways. First, they often form colinear bridged filaments in which the same sequences in two DNA molecules align (confirmed by location of halted ECs near the co-linear ends of bgl DNA; see Figure 1 in Ref. 32 ). Second, they can also generate a circular conformation in which a single DNA forms a loop to provide the two DNA segments of the bridged filament ( Figure 5C , panel iii; the circular conformation was not observed when RNAP was present Ref. 32 ). In our experiments, we observed ∼85% of the H-NS filaments in the bridged conformation at 66 H-NS/kb and ∼70% in the linear conformation at 200 H-NS/kb ( Figure 5E and F), consistent with prior results (32).
Addition of Hha to H-NS filaments caused a dramatic change in filament conformation. The filaments appeared to be converted into a bridging mode, but with few co-linear bridged filaments observed. Instead, Hha:H-NS formed multi-bridged clusters that resembled the compacted filaments previously reported for StpA nucleoprotein filaments (26) . In the EMSA, Hha:H-NS filaments that were formed at equimolar Hha:H-NS ratios (200 H-NS/kb) migrated as a broad smear that included species unable to enter the gel matrix ( Figure 5A , right). The addition of more Hha (up to 3:1 Hha:H-NS) favored formation of the more slowly migrating species. The EMSA results suggested that Hha:H-NS formed a heterogeneous mixture of filaments with no discrete species (bands). To visualize Hha:H-NS filaments directly, we deposited Hha:H-NS filaments onto APS-mica and imaged the surface by AFM. A mixture of bridged filaments was apparent ( Figure 5C , panel ii and Figure 5D ), including both identifiable, discrete bridged filaments and large clusters of filaments (referred to as multi-bridged filaments). The complex network of DNAs in the clusters precluded precise quantitation of multi-bridged versus 1-1 bridged filaments ( Figure 5D ). The clusters were much larger in both height and width than bridged H-NS filaments, suggesting they contained many DNA molecules linked together by bridging H-NS and Hha molecules (Figure 5C , panel ii and Supplementary Figure S12D) . Although AFM could not define the arrangement of Hha, H-NS and DNA within these clusters, the existence of these extreme DNA clusters was observed only in the presence of both Hha and H-NS (compare to Figure 5A , Hha-only lane). Notably, similar structures were observed at high H-NS/DNA ratios (28), indicating that Hha enables H-NS to adopt a similar structure even at less favorable ratios. These results suggest that Hha modifies H-NS/DNA nucleoprotein filaments and significantly promotes DNA bridging, thus enabling H-NS to bridge multiple DNA molecules.
StpA filaments were previously reported as primarily bridged (sometimes leading to compaction; Refs. 26, 61, 73) . To understand the conformation of StpA filaments in our in vivo-like solute conditions (100 mM potassium glutamate and 8 mM magnesium aspartate; reviewed in Refs. 74,75), we examined these filaments using EMSA and AFM. Much like the Hha:H-NS filaments, StpA filaments appeared to prefer a bridged conformation and were prone to cluster multiple DNA molecules ( Figure 5B , Figure 5C panels iv and vii; Figure 5E and F). At lower StpA/DNA ratios (66 StpA/kb), the EMSA revealed discrete StpA/DNA species that either migrated faster than bridged H-NS filaments or that migrated with the same mobility as bridged H-NS filaments ( Figure 5B ). In AFM, the 66 StpA/kb filaments were bridged (∼60% of objects had interconnected DNA segments; Figure 5E ). The remaining molecules were either single dsDNA molecules lacking StpA (30%), multi-bridged clusters (∼%5) or linear filaments (∼5%) ( Figure 5C , panel iv; Figure 5E ). At 200 and 400 StpA/kb, the filaments migrated in native PAGE similarly to bridged H-NS filaments whereas others failed to migrate into the gel ( Figure 5B ). AFM confirmed that at 200 StpA/kb most (∼80%) filaments were bridged and some (∼10%) filaments appeared in a multi-bridged cluster resembling those observed for Hha:H-NS filaments ( Figure 5C , panel vii; Figure 5F ), possibly like compacted StpA/DNA filaments reported using different solute conditions (26) . We conclude that StpA forms strikingly different nucleoprotein filament geometries than H-NS at the same protein/DNA ratios (compare 200 H-NS/kb and 200 StpA/kb; Figure 5F ). These StpA filaments are mostly bridged, whereas H-NS filaments are mostly linear.
To examine the properties of StpA:H-NS filaments directly, we visualized the StpA:H-NS filaments at 66 and 200 DBD/kb by EMSA and AFM. In the EMSA, StpA:H-NS filaments at 66 DBD/kb migrated similarly to bridged H-NS filaments ( Figure 5B ); in AFM, nearly 75% of these StpA:H-NS filaments were bridged ( Figure 5C compare panels iii to v; Figure 5E ). However, under conditions that H-NS filaments are linear and not bridged, EMSA of StpA:H-NS filaments revealed both some filaments in the linear conformation and some filament aggregates that could not enter the gel ( Figure 5B ). AFM revealed that most filaments (∼70%) were bridged, but some were linear (∼15%) or multi-bridged clusters (∼5%; Figure 5C , panel viii, Figure 5F ; Supplementary Figure S12 ). In the presence of 400 DBD/kb, the differences between StpA:H-NS filaments and H-NS filaments were more pronounced. In the EMSA, these StpA:H-NS filaments could not enter the gel whereas H-NS filaments gave a discrete (linear) band (Figure 5B) . At all protein/DNA ratios tested, StpA:H-NS filaments favored bridged conformations ( Figure 5E and F) , consistent with the ability of StpA:H-NS filaments to stimulate pausing of RNAP at multiple protein/kb ratios (Figures 2 and 3) .
As a more quantitative measure of bridging of the H-NS, StpA and StpA:H-NS filaments, we investigated their ability to bridge DNA by utilizing a DNA bridging pulldown assay (R.A. van der Valk, et al., submitted for publication in Methods in Molecular Biology and Ref. 39) . In this assay, the DNA bridging efficiency of a protein can be investigated over a wide variety of conditions. In this assay using a 685 bp AT-rich DNA that is different from our bgl DNA sequence, we observed that a higher critical protein concentration is required for DNA bridging by H-NS (6 M) than by StpA (2 M). Although we found that the critical protein concentration of the StpA:H-NS filament more closely resembled that of H-NS (5 M instead of 4 M), the percentage of DNA recovered by the mixed filament more closely resembled that of StpA (80%), than H-NS (50-60%). This observation indicates that the StpA:H-NS filament has properties resembling a combination of the individual proteins. Next, we investigated the dependence of these protein filaments on environmental cues. Again, in accordance with our abovementioned findings and the literature (26), we found that StpA outperformed H-NS in its ability to bridge DNA and was almost insensitive to Mg 2+ concentration ( Figure 6B ) and K + concentration ( Figure  6C ). Yet, when the proteins were combined, we observed mixed characteristics of the filament, displaying an almost equal distribution of the characteristics observed for H-NS or StpA filaments ( Figure 6B and C) . These solution experiments conclusively show that H-NS and StpA form a mixed filament and that the characteristics of both proteins are displayed evenly in the filament.
Overall, our analysis of filament conformations formed by Hha:H-NS and StpA:H-NS revealed that the mixed filaments are preferentially bridged independently of protein/DNA ratio and solute conditions, unlike H-NSonly filaments that switch from bridged to linear as H-NS/DNA ratios increase to levels that saturate DNA binding sites. These results are consistent with increased stimulation of pausing by Hha:H-NS and StpA:H-NS filaments based on the topological model of pause stimulation (described below). . Unbound DNAs, linear filaments (one DNA duplex per H-NS filament), bridged filaments (two DNA duplexes per H-NS filament) and multi-bridged filaments (more than two DNA duplexes per H-NS aggregate) each were counted as one complex (n = 1). The total number of complexes counted for each condition (n) is given above each bar (see Supplementary Figure S12 ). Although only ∼20% of observable objects were multi-bridged filaments for the Hha:H-NS filament condition (D), the fraction of DNA molecules in multi-bridged versus singly bridged filaments is much higher than the ratio of these complexes because each multi-bridged filament contains many DNAs. The number of DNAs in multi-bridged filaments was impossible to calculate due to compaction of DNAs in the complexes. 
Greater pause stimulation by mixed H-NS filaments was only partially explained by upstream bridged filament formation
A possible reason that Hha:H-NS and StpA filaments stimulate pausing much closer to the promoter than H-NS filaments is that the former but not the latter can trap early ECs in a topologically constrained domain by bridging with the short DNA available upstream from these early pause positions (Figures 2A and 7A ). To test this possibility, we created the upstream template that contained 500 bp of DNA (from the H-NS-silenced hlyC gene) upstream of the P R promoter in the bgl template versus the 80 bp upstream in our standard bgl template ( Figure 7B) . The additional DNA sequences should ensure formation of bridged filaments upstream of halted A26 ECs or G35 paused ECs and could enhance H-NS stimulated pausing at G35 and other pauses at positions <300 nt if filament formation on both sides of an EC is sufficient to enhance pausing. However, we observed only a partial increase in pausing in the 40-300 nt range ( Figure 7C , compare the amount of signal 15% below the MTL and no significant stimulation of the G35 pause by H-NS alone on the upstream template to effects of Hha:H-NS and StpA filaments presented in Figure 2 ). We calculated pause strength for three pause locations (G35, ∼80 nt, and ∼96 nt pauses; Figure 7C and D, gray dashed lines), which confirmed that the additional upstream DNA sequences had no significant effect on the G35 and 96 nt pauses. However, we did observe an ∼4-fold increase in pause strength at the 80 nt pause on the upstream template. These results suggest that the increased pause stimulation by Hha:H-NS or StpA filaments relative to H-NS filaments can only be partially explained by an improved ability to form bridged filaments on short upstream DNA. Therefore, an additional mechanism must explain why the Hha:H-NS and StpA filaments stimulate the G35 pause more robustly than H-NS filaments (see 'Discussion' section).
StpA:H-NS and StpA filaments stimulated robust pausing at 37
• C and 20
• C, but H-NS and Hha:H-NS filaments strongly stimulated pausing only at 20
• C Given the differences in effects on pausing among H-NS, StpA, StpA:H-NS and Hha:H-NS filaments, we wondered if the filaments would respond differently to environmental signals such as changes in temperature. We previously found that H-NS filaments do not stimulate pausing at 37
• C, consistent with a proposal that H-NS silencing of pathogenic genes is relieved at higher temperatures (e.g. silencing at ∼22
• C is lost at 37 • C; Refs. 32,38). Changes in NAP composition are proposed to modulate the temperaturedependent regulation of many genes (76) , including the type II secretion system genes (27) , ompW (77, 78) and the hemolysin operon (37, 79) . Since the hly operon, but not the bgl operon, is known to be regulated by temperature and by Hha, we used hly DNA to test the effect of temperature on transcription through mixed H-NS filaments. To test whether filament composition alters temperature effects of H-NS filaments, we formed filaments at either 20 or 37
• C on a halted EC-containing hly DNA template that contained the Hha:H-NS-silenced 5 -leader region, hlyC and hlyA downstream from the halted EC (hly template, Figure 8A and Supplementary Figure S13A) . Transcription through the filaments was assayed by addition of all four NTPs (1 mM each). Like the bgl template, the hly template allows decoupling of EC formation and subsequent NAP filament formation and transcript elongation.
At 20 • C, Hha:H-NS, bridged H-NS, StpA and StpA:H-NS filaments, but not linear H-NS filaments, stimulated RNAP pausing on the hly template similarly to the observed pausing on the bgl template ( Figure 8B ; Supplementary Figures S14 and 15) . Multiple pauses were stimulated, including some NAP-specific pauses at G35, ∼310, ∼450 and ∼625 nucleotides ( Figure 8B, red lines) . Pause stimulation by bridged H-NS or StpA:H-NS filaments reduced MTL by a factor of ∼1.5, whereas Hha:H-NS and StpA filaments reduced MTL by a factor of ∼3 ( Figure 8B , magenta lines and Supplementary Figure S13) . Interestingly, many (32) . Bridged filaments (red and yellow, alternating H-NS monomers) form around the EC (RNAP, gray; RNA, red; DNA, gray). Over-winding in front and under-winding of the DNA behind the EC (blue arrows) is generated by transcription when neither RNAP nor DNA can rotate freely; the resulting topological stress can be reduced by backtracking at pause sites. (B) Schematics of templates compared in this experiment. DNA sequence downstream of the promoter is the same for both templates. In the upstream template, 500 bp of hlyC DNA known to bind H-NS (light gray; see also pauses were located within the 5 leader region, where they could potentially participate in regulation of the hlyCABD operon. This region contains the well-characterized backtracked pause site called ops (80) , which functions in recruitment of the transcription factor RfaH; pausing at ops was enhanced by the bridged filaments. These results establish that mixed filaments slow elongation similarly on multiple templates that contain AT-rich DNA and are known to be silenced by H-NS (32) .
At 37
• C, StpA and StpA:H-NS filaments robustly stimulated pauses at G35, ∼310, ∼450 and ∼625 nt and reduced the MTL by factors of ∼4.5 and ∼1.6 at 20 s, respectively, compared to RNAP alone ( Figure 8C , yellow and green traces; Supplementary Figures S14 and 15) . Importantly, the pause stimulation pattern of StpA:H-NS filaments was different than that of StpA filaments at both temperatures, suggesting that an StpA:H-NS filament, not an StpA-only filament that displaced H-NS, stimulated pausing at 37
• C. In contrast, the H-NS and Hha:H-NS filaments gave only slight pause stimulation at 37
• C compared to 20
• C (Figure 8 , compare red and blue traces in B and C). H-NS and Hha:H-NS filaments reduced MTL after 90 s at 20
• C by a factor of ∼1.5 and ∼2.3, respectively, whereas neither filament reduced MTL by more than a factor of ∼1.2 after 20 s at 37
• C. The decreased effect of H-NS on transcript elongation at 37
• C is consistent with our prior observation Figure S13 ). Profiles were generated by combining data from 12 to 6% PA gels (left and right of the solid black line, respectively); full gel images are shown in Supplementary Figures S14 and 15 ).
(32) and the relief of gene silencing at this temperature (38) . The differential effects of StpA:H-NS and Hha:H-NS filaments on transcription at 20
• C versus 37
• C support a view that mixed filaments have specific properties that differ from those of H-NS filaments (see 'Discussion' section and Refs. 76,81).
DISCUSSION
The H-NS family of NAPs silences laterally transferred genes in enteric bacteria by forming mixed nucleoprotein filaments that repress both initiation and elongation of transcription. H-NS regulates some of these genes encoding diverse proteins responsible for pathogenesis and stress responses, which may explain the diversification of the H-NS family to include paralogs and modulators like StpA and Hha. We found that both Hha and StpA alter the ability of H-NS filaments to stimulate backtracked pauses so that stimulation occurs (i) more strongly; (ii) earlier in transcription units; (iii) with less dependence on protein/DNA ratio; and (iv), in the case of StpA:H-NS filaments, at higher temperatures. The ability of mixed filaments to stimulate pausing was correlated with increased propensity for bridging. Our in vitro results suggest potential mechanisms of H-NSmediated pause stimulation and possible ways that Hha and StpA may fine-tune the response of H-NS filaments to environmental signals in vivo.
At least three mechanisms could contribute to bridged filament stimulation of pausing
Previously, we proposed a topological mechanism to explain the selective effect of bridged H-NS filaments on backtracking but not elemental pausing, and the lack of effect on pausing of non-bridged (linear) H-NS filaments (32) . In the topological model of H-NS action, bridged filaments create a topologically closed domain by linking two DNAs together via bridging upstream and downstream of the EC ( Figure 9A, model 1; Ref. 32) . In vitro transcript elongation by an EC within this closed domain generates positive supercoiling downstream and negative supercoiling upstream unless the RNAP or DNA can rotate relative to each other as RNAP transcribes within the domain (the twin supercoiled domain model; Ref. 82) . In the bridged filament, DNA rotation is restricted by bound H-NS, but could still occur as a function of the rate of transient release of DNA from H-NS contacts to diffuse the topological stress (Figure 9A, gray arrow in model 1) . RNAP rotation will be restricted by steric clash and by potential entanglement of nascent RNA, both which will become more probable as the (32) . Hha (not shown for simplicity) could also be present in this filament. Upstream and downstream DNA binding domain contacts create a topologically closed domain that causes topological stress to accumulate because the RNA transcript blocks EC rotation sterically (positive supercoiling/over-winding downstream of RNAP and negative supercoiling/under-winding upstream of RNAP, blue arrows). This topological stress can be relieved by the backtracking of RNAP at pause sites. Additionally, dissociation of H-NS DBD (gradient double-sided arrow) could allow for diffusion of supercoiling to relieve topological stress (light gray arrow around DNA). Model 2: NAPs contribute to steric occlusion of RNAP rotation. Either StpA (yellow) or Hha (blue) in filaments may increase steric clash with rotating RNAP (black arrow) because they cannot rearrange all DNA binding surfaces to interact with a single DNA as appears to occur in linear H-NS filaments and could sequester displaced H-NS DBDs as shown in model 1. The greater steric clash may enhance topological stress described in model 1. Although we cannot exclude the possibility that that Hha and StpA create a direct steric block to RNAP translocation, this alternative would be predicted to enhance all pauses rather than selectively enhance backtrack pauses, as observed (see Figure 4 ). Model 3: NAPs bind nascent RNA. StpA, Hha (not shown for simplicity) or H-NS could bind to the nascent RNA directly and thereby inhibit RNAP rotation and enhance topological stress. (B) Levels of StpA:H-NS heterodimers (yellow), H-NS:H-NS dimers (red), Hha (blue) and YdgT (green) in E. coli K-12 grown in different conditions calculated from the monomer levels measured by quantitative mass spectrometry (45) , assuming that all StpA present constitutively forms herterodimers with H-NS (69) . Error bars from biological triplicates are shown for H-NS and StpA; the Hha and YdgT levels (dashed box) are shown in the bottom plot using a different scale. The growth conditions shown are exponential phase in LB (LB exp); stationary phase (SP); minimal media supplemented with glucose without stress, or with osmotic stress (50 mM NaCl), high-temperature stress (42 • C) or acid stress (pH 6). (C) H-NS family filaments formed in vivo are likely in dynamic equilibrium between linear or bridged H-NS (purple and red, respectively), Hha (blue) bound filaments and StpA (yellow) bound filaments. This equilibrium could be influenced by different growth conditions (e.g. non-virulent growth or heat shock) and by sequences present in different genes. length of RNA grows. Reverse threading of the nucleic acids in RNAP (i.e. RNAP backtracking) can relieve this topological stress (83) . In this way, bridged H-NS filaments can stimulate backtrack pausing of RNAP and slow elongation even though H-NS dissociates too rapidly to explain pause stimulation via a direct steric block to forward translocation (k off for bridged H-NS ∼1.5 s −1 ; Ref. 84) . A linear filament would not create a topologically closed domain around RNAP. Thus, the topological model provides a simple explanation for the lack of effect of linear filaments on elongating RNAP in vitro and may contribute to increased pausing in vivo.
The topological model may also explain the greater stimulation by Hha and StpA of backtrack pausing by RNAP ( Figure 9A, model 1) , because Hha and StpA modulate H-NS filaments in ways that enhance bridging. However, the topological model alone does not explain why bridged H-NS filaments failed to stimulate pausing at positions <100 nt (e.g. G35), whereas Hha:H-NS and StpA:H-NS filaments strongly affect RNAP at these positions. Topological stress caused by DNA bridging should occur at any RNA length, provided neither the DNA nor EC can rotate. Even supplying additional DNA with affinity for H-NS upstream of +1 only slightly enabled H-NS filaments to stimulate pauses at ≤100 nt and did not replicate the robust effects of mixed filaments.
Three refinements of the topological model might explain the greater effects of mixed filaments on pausing in vitro: (i) StpA and Hha may increase the strength of DNA contacts and thus restrict diffusion of topological stress (stronger contacts in Figure 9A , model 1); (ii) StpA and Hha may increase steric inhibition of RNAP rotation around the DNA, which increases topological stress at shorter transcript lengths ( Figure 9A, model 2) ; or (iii) StpA and Hha interactions with the nascent RNA transcript may inhibit RNAP rotation ( Figure 9A, model 3) .
Hha or StpA strengthens protein-DNA contacts in bridged nucleoprotein filament ( Figure 9A, model 1) . Such strengthened contacts may reduce diffusion of topological stress, effectively reducing the size of topological domains (85) and thereby increase backtrack pausing. It is possible that the site-specific effects of StpA (48) or Hha (17) could result from differences, relative to H-NS alone, in their sequence specificity of DNA binding. StpA or Hha may prefer to bind different sequences than H-NS, such as the +1 to +100 bp region of the bgl template. A difference in sequence preferences could impact which pauses are stimulated and might explain why Hha:H-NS or StpA filaments stimulate pauses between +1 and +100 more than H-NS-only. We also cannot exclude the possibility that tighter binding of StpA or Hha could create a direct steric clash that inhibits elongating RNAP; however, such direct inhibition of elongation does not readily explain why StpA and Hha, like H-NS, preferentially stimulate backtrack pausing.
Hha or StpA may increase the steric barrier to rotation of RNAP around the DNA ( Figure 9A, model 2) . Within the region of the bridged filament containing the EC, the H-NS or StpA DBD must be displaced from the DNA being transcribed. These displaced DBDs bound to the second DNA could create a steric block to rotation of RNAP, and this block could be greater when StpA or Hha is present. Thus, as RNAP elongates through the bridged filament, the filament may adopt a conformation that inhibits RNAP rotation to a greater or lesser extent. H-NS, which can form linear filaments, could relocate all its DBDs to the DNA molecule not being transcribed, so clash with RNAP is reduced. The displaced DBDs of StpA or associated Hha monomers, which cannot relocate to form linear filaments (39) , might clash with the rotating RNAP to a greater extent ( Figure 9A, model 2) . Possibly, RNAP rotation in vitro could also become sterically more difficult as the transcript lengthens into a larger folded mass, which could synergize with inhibition of RNAP rotation by StpA or Hha.
A final and intriguing possibility is that the positively charged regions of H-NS, StpA or Hha might bind the nascent RNA directly ( Figure 9A, model 3) . In the context of the bridged topological domain model, such RNA interactions could either block RNAP translocation or rotation. Both H-NS and StpA have been shown to bind RNA (86, 87) ; studies of RNA binding by Hha:H-NS have not been reported. Further mechanistic studies are needed to test if one or more of these models of nucleoprotein filament inhibition of transcript elongation described explain enhanced pause stimulation by StpA and Hha.
These three models are not mutually exclusive; aspects of them could operate together. Additionally, the relative contributions of these effects may differ in vivo from those we observed in vitro. For instance, RNAP rotation in vivo is more readily inhibited due to association of other molecules, notably ribosomes, with the nascent RNA and to RNAP (reviewed in Ref. 88 ). Supercoiling generated during transcription is relieved by topoisomerases in vivo, although it is unclear how readily topoisomerases access topological domains containing ECs within bridged filaments. Additionally, multiple RNAPs transcribing an operon in vivo might decrease the ability of filaments to slow elongation (89) . Our in vitro results provide a biochemical framework for further study of bridged filaments effects, including in vivo studies.
StpA:H-NS filaments could increase gene silencing under stress conditions
The greater pause stimulation and temperature-resistance of the StpA:H-NS filament in vitro may be relevant to gene regulation in vivo. Assuming constitutive StpA:H-NS heterodimer formation (69), StpA:H-NS would make up ∼30% of dimers in osmotic stress (the remainder would be H-NS homodimers) and would make up ∼85% of the dimers at 42
• C (compared to ∼18% during exponential growth in LB; Figure 9B ; Ref. 45) . The distribution of these StpA:H-NS heterodimers throughout H-NS filaments during growth is unknown, although it is possible that StpA is localized to specific sequences (55) . Our in vitro results suggest the propensity for DNA bridging will increase with greater StpA occupancy in vivo and these bridging interactions will persist at 37
• C, whereas some H-NS occupied loci will lose transcriptional silencing at 37
• C. Thus, the increases in StpA levels in stress conditions may function to elevate the extent of transcriptional silencing of some or all H-NS bound loci at higher temperatures (45) . Additionally, the amount of StpA present within H-NS filaments may be coordinated with other features, such as DNA conformational changes (90) to alter gene expression in response to changes in environment or temperature.
Some reported effects of StpA are consistent with this increased silencing model. In Salmonella, deleting stpA increases expression of some H-NS silenced genes, including phoP and other stress-response genes (91) . In E. coli, deleting stpA in a hns strain slows growth at 45
• C (76) suggesting that StpA could contribute to silencing at elevated temperatures. Additionally, the constitutive bridging activity of StpA could make it relatively insensitive to changing environments and well suited for responding to stress. The preference of StpA for bridging might be due to sequence differences from H-NS in the 'buckle' region of the oligomerization domain. The H-NS buckle sequence is thought to allow flexibility between open and closed states in response to environmental factors (39) . The StpA buckle may be locked in the open state, making StpA insensitive to changing conditions. Experiments investigating the consequences of stpA deletions or mutations in an hns background on stress survival are needed to understand the role of StpA in different environments.
Consistent with prior proposals (76), our results suggest that varying levels of StpA:H-NS heterodimers may target some H-NS-silenced genes under stress conditions, and that the consequence would be stabilized bridging, greater pause stimulation, and a high probability of Rho-dependent termination for these genes ( Figure 9C) . Additionally, the StpA:H-NS filament may be important for regulating initiation events, although it is unknown what role bridged filaments play in the occlusion of the promoter region. Further study is needed to understand potential differences in H-NS and StpA:H-NS DNA sequence binding specificities (Figure 9C ) and how StpA modulates the characteristics of an H-NS filament.
Bridged Hha:H-NS filaments could aid in silencing virulence genes
The greater pause stimulation and bridging by Hha:H-NS filaments may be connected to the role of Hha in gene silencing in vivo. Hha is required to silence transcription of the hemolysin (hly) operon, which encodes components of a type 1 secretion system and hemolysin, HlyA (20,92 and reviewed in Ref. 93) . The hly operon is induced by elevated temperature or high osmolality (20, 37, 94) ; hly is transcriptionally activated by RfaH, which recruits ribosomes that can subsequently suppress backtrack pausing and avoid premature Rho-dependent termination (32, 35, 80, 95) . Our results suggest Hha could be important for full repression of the hly operon, and other loci like it (e.g. the LEE operon (53) and acid-stress response genes, Ref. 63) , by stimulating H-NS bridging and transcriptional pausing. Although Hha:H-NS filaments may repress transcription initiation (37, 96) , control of transcription elongation in hly must be paramount to explain transcriptional regulation by RfaH. The dramatically greater enhancement of pausing by Hha:H-NS likely explains full silencing of the hemolysin operon in non-infective conditions, although how RfaH regulates this activity is unknown. The temperature sensitivity of Hha-pause stimulation is consistent with the need to relieve the elongation block upon infection. The hly operon is likely regulated by a balance between Hha:H-NS filament stability and RfaH levels that increase termination and translationally coupled transcription, respectively, to coordinate expression to environmental conditions.
Our results suggesting 1:1 Hha:H-NS is the functional stoichiometry also raise important questions about the nature of Hha filaments in vivo. In E. coli K-12, levels of Hha are reported to be so low ( Figure 9B ; Ref. 45 ) that only one or two ∼2 kb Hha:H-NS filaments at 1:1 stoichiometry would exist. The levels of Hha do change in some conditions ( Figure 9B) ; acid stress decreases Hha and osmotic stress increases Hha (49) . However, Hha levels never approach those of H-NS. It is possible that Hha is more abundant in pathogenic strains; available data are all from nonpathogenic E. coli K-12 ( Figure 9B ; Ref. 45) . If Hha is somehow localized to a subset of H-NS filaments, then an important outstanding question is the sequence dependence of this localization. The natural distribution of Hha in vivo is currently unknown; the only ChIP data were obtained with overexpressed Hha (63) . Additionally, an Hha paralog, YdgT, is also present in E. coli, although also at low levels ( Figure 9B ; Ref. 45 ). YdgT can interact with H-NS and StpA (18, 97) , but may have effects similar to or different from Hha (39, 63) . Finally, our results provide more evidence that Hha enhances bridging of H-NS filaments (17, 39) and possibly induces compaction (62); however, it remains unclear how Hha might drive H-NS to favor a multi-bridged conformation or how H-NS modulator proteins could reorganize H-NS filaments. An assessment of both in vivo Hha distribution and filament properties is essential to understand its effects on gene regulation.
Hha and StpA disrupt co-linearity of H-NS bridged filaments
An interesting and unanticipated finding of our current and earlier studies, unrelated to our goal of understanding effects on transcription, is that H-NS-only bridged filaments connect DNAs co-linearly such that the same sequences in two bridged molecules are aligned ( Figure 5 and Ref. 32 ), but co-linearity is disrupted when Hha or StpA are present in bridged filaments. The physical basis of co-linear bridging and its disruption, whether it would occur in more complex mixtures of DNAs or in vivo, and whether it could play any role in sister locus cohesion during DNA replication (98) are unknown. The different behaviors of H-NSonly versus mixed bridged filaments (co-linear versus multibridged) suggest added complexity in nucleoid dynamics and gene silencing that merit further study.
CONCLUSION
Our results indicate that StpA and Hha stimulate H-NS bridging and pausing by RNAP, likely aiding gene silencing in vivo. Thus, the interplay between growth conditions and mixed filament formation suggests dynamic mechanisms of gene regulation in which nucleoprotein filaments of varying composition and silencing potentially form and disassemble in response to environmentally induced changes in H-NS paralog and modulator levels to adapt gene expression to growth conditions ( Figure 9C ). To define the roles of mixed H-NS filaments in bacterial growth, survival and virulence, future studies should investigate how mixed filaments form, how H-NS paralogs may target different genes, and how bridged filaments stimulate RNAP pausing.
